The molecular structure of cotinine ((S)-1-methyl-5-(3-pyridinyl)-2-pyrrolidinone), the major metabolite of nicotine, has been determined at about 182˚C by gas electron diffraction combined with MP2 and DFT calculations. The diffraction data are consistent with the existence of the (ax, sc), (ax, ap), (eq, sp) and (eq, ap) conformers, where ax and eq indicate the configuration of the pyrrolidinone ring by means of the position (axial and equatorial) of the pyridine ring, and sc, sp and ap distinguish the isomers arising from the internal rotation around the bond connecting the two rings.
Introduction
It has long been stated that the distances between the active sites of agonistic substance of the nicotinic acetylcholine receptor (nAChR) are close to that between the N and carbonyl O atoms of acetylcholine [1] . Recently we have determined the molecular structures and conformation of typical nicotinic agonists, nicotine and arecoline, by gas electron diffraction (GED) [2, 3] . In those studies, it was found that at least one of the stable conformers of nicotine and arecoline has indeed the N … N or N … O carbonyl distance close to the N … O carbonyl distance of acetylcholine.
There is another factor ruling the nicotinic activity according to Yamamoto and co-workers who studied the relationship between the activity of nicotine and a number of related compounds and the charge distribution of their N atoms by means of 15 N NMR [4] . They stated that the agonist binds strongly with the nAChR of vertebrates if the sp 3 N atom such as that in the five membered ring of nicotine has one unit of positive charge because of protonation. On the other hand, if the N atom is bonded to the electron withdrawing group, it becomes partially positive but cannot be protonated, and consequently, the interaction with the nAChR of vertebrates becomes weak. On the other hand, no discussion is given on the relationship between the active site distance and the nicotinic activity in Ref. [4] .
In the present study, the molecular structure and conformation of cotinine ((S)-1-methyl-5-(3-pyridinyl)-2-pyrrolidinone, see Fig. 1 ) is investigated by GED.
Cotinine is the major metabolite of nicotine and is also a nicotinic agonist with much lower affinity for the receptor than most of known agonists [5] . This compound is simultaneously present with nicotine in vivo environment. Although cotinine is not included in the compounds investigated in Ref. [4] , it is clearly classified as the weak agonist of the nAChR of vertebrates according to Yamamoto and co-workers [4] . This is because cotinine has the electron withdrawing C=O group adjacent to the N atom and hence the charge is weaker than the monoprotonated N atom. Therefore it is expected that the structural determination of cotinine will give some information on the factor of the nicotinic activity.
If the N … N distance of cotinine is considerably different from those of the corresponding distances of nicotine and arecoline, the weak nicotinic activity is not necessarily ascribed to the difference in the charge of the N atoms. On the other hand, if the N … N distance of cotinine is close to the corresponding distances of nicotine and arecoline, this may support the conclusion by Yamamoto et al.
In the present study, the MP2 and DFT theoretical calculations are performed to assist the data analysis of GED especially in determining the population of conformers with low relative abundances. Determined structural parameters are compared with those of nicotine and arecoline.
Experimental
The sample with a purity of better than 98% was purchased from Sigma Chemical Co.
and was used without further purification. Electron diffraction patterns were recorded on 8 × 8 in. Kodak projector slide plates with an apparatus equipped with an r 3 -sector [6] .
Two camera distances were used to cover the s range of 2.2 to 33.4 Å -1 . Because cotinine has very low vapor pressure at room temperature, the nozzle was heated up to about 182 ˚C. The accelerating voltage of incident electrons was about 37 kV. Other experimental conditions are summarized in Table 1 . The photographic plates were developed for 4.5 min in Dektol developer diluted 1:1. The optical densities of the plates were measured as written elsewhere [7] . The experimental intensities leveled by theoretical backgrounds are listed in the Table S1 of Supplementary Material. The scale factor was calibrated to the r a (C=S) distance of CS 2 (1.5570 Å) [8] .
Elastic atomic scattering factors were calculated as described in Ref. [9] , while inelastic ones were taken from Ref. [10] . The experimental molecular scattering intensities are shown in Fig. 2 with the final fitting curves. A diagonal weight matrix was used in the least-squares analysis on the molecular scattering intensities. The weight function was set unity in the medium s region while it was reduced in the small and large s regions by using two gaussian functions [11] .
Theoretical calculations

Possible conformers
The conformation of cotinine is classified by the following two factors. First, as the five-membered (pyrrolidinone) ring has an sp 2 atom, it performs the puckering motion like a four-membered ring to make two nonequivalent envelope forms, which are distinguished by means of the position (axial and equatorial) of the pyridine ring.
Second, the internal rotation around the C-C bond connecting the rings may cause the rotational isomers, sp (or sc) and ap, whose dihedral angles (CH 3 )NCCC(N) differ by about 180° from each other. Consequently, the overall conformation of cotinine is expressed as (ax, sc), (ax, ap), (eq, sp) and (eq, ap). These conformers are shown in Fig. 3 , where the rotational isomers, sc, sp and ap, are defined by using the H 18 -C 4 -C 7 -C 8 dihedral angle.
Geometrical calculations
GAUSSIAN 98 program [12] was used in all the following calculations. At first, geometries of (ax, sc), (ax, ap), (eq, sp) and (eq, ap) conformers were optimized by using the RHF method with the 6-31G ** basis set. The geometries of them were further optimized by using the MP2 (frozen core) method with the 6-31G ** basis set in order to obtain more reliable structural parameters. The conformational energy differences obtained by the RHF and MP2 calculations are compared in Table 2 .
Clearly, the additivity of the energy differences between the (ax)-and (eq)-conformers and those between the sc (or sp) and ap conformers holds. First, on going from the (ax) to (eq)-conformers, energy decreases only slightly in the MP2 calculations, while the difference is much larger in the RHF calculations. Second, the energy differences between sc (or sp) and ap conformers are about 2.4 kJ mol -1 according to the MP2 calculations. The potential functions of the internal rotation around the C-C bond connecting the rings were obtained for the (ax) and (eq) conformers by a series of MP2/6-31G** calculations in which the C-C torsional angle was fixed at an interval of 30°. The obtained potential functions (not shown) revealed that no minimum exists other than those corresponding to the above mentioned four conformers.
The structural parameters obtained from the MP2 calculations are listed in Table 3 . 
Vibrational calculations
The geometry optimizations and vibrational calculations for these conformers were carried out with the 6-31G * basis set by using the B3LYP, DFT method, that is more suitable to obtain reliable force constants than the MP2 method. The Cartesian force constants obtained for the (ax, sc), (ax, ap), (eq, sp) and (eq, ap) conformers by the B3LYP/6-31G * calculations were transformed into the internal force constants, f ij . The f ij 's for each conformer were then modified by using the linear scaling formula f ij (scaled) = c f ij (unscaled) [13] . The scale factor, c, of 0.9243, which is the square of the scaling factor of 0.9614 for the B3LYP/6-31G * frequency recommended by Scott and Radom [14] was used. The definitions of internal coordinates and the scaled force constants are available as Supplementary Material. The B3LYP/6-31G* energy differences between the four conformers are listed in Table 2. Free energy differences, ΔG, at 455 K were estimated by using the energy differences, ΔE, and the rotational constants obtained from the MP2/6-31G** calculations, combined with the vibrational frequencies calculated by the above mentioned scaled DFT force constants. The obtained ΔG values and the derived abundances are listed in Table 2 .
All these calculations using the results of Gaussian 98 were carried out by a series of computer programs made in our laboratory.
Analysis of electron diffraction data
For the analysis of electron diffraction data the following assumptions were adopted on the basis of the results of the MP2 ab initio calculations: (1) the ratio of the abundances of the (ax, sc) and (ax, ap), 0.608, and the ratio of the abundances of (eq, sp) and (eq, ap), 0.584, were adopted from the above mentioned theoretical ΔG values; (2) the dihedral angle, N 1 -C 4 -C 7 -C 8 , of the ap conformer differs from that of the sc (or sp)
conformer by 180˚; (3) the dihedral angle, C 4 -N 1 -C 3 -C 5 is 0˚ and the O 13 atom is assumed to be on the C 4 N 1 C 3 C 5 plane; (4) the dihedral angle, C 2 -N 1 -C 3 -C 5 is equal to the MP2/6-31G** value; (5) the absolute values of the ring puckering angle α of all the four conformers are equal (see Fig. 4 for the definition of α); (6) the C 2 -N 1 -C 3 and C 2 -N 1 -C 4 angles are equal; (7) each H-C-H angle in the pyrrolidinone ring bisects the C-C-C angle; (8) the pyridine ring is planar and each C-H bond in it bisects the N-C-C or C-C-C angle; (9) the C 4 -C 7 bond bisects the C 8 -C 7 -C 12 angle; (10) three N 1 -C 2 -H angles are equal to 109.5˚, which is the average of the corresponding angles obtained by the MP2/6-31G ** calculations; (11) all the C-H bond lengths in the pyrrolidinone ring and the methyl group are equal; (12) the C-H bond lengths in the pyridine ring are equal, and they are smaller than those in the N-methylpyrrolidinone group by 0.007 Å; (13) the differences between the similar structural parameters of intra-and inter-conformers are equal to the MP2/6-31G ** values. The free energy differences, ΔG, between sc (or sp) and ap conformers had to be fixed (assumption (1)) because it is almost impossible to distinguish two conformers caused by the 180˚ internal rotation of the pyridine ring precisely [15] . In addition, Table 3 shows that the MP2/6-31G ** calculations justify assumption (2). Assumption (3) was adopted because the theoretical dihedral angles, C 4 -N 1 -C 3 -C 5 , are zero within ±7˚ (see Table 3 ). Assumption (5) was adopted because the absolute values of the theoretical puckering angle, α, are equal to each other within 1.1°. Table 4 summarizes the adjustable parameters and the constraints.
Mean amplitudes, l, and shrinkage corrections [16] , r a -r α , were calculated from the scaled force constants by using a program made in our laboratory. They were fixed at the calculated ones in the data analysis. The model of small amplitude vibrations was adopted. Table S4 of Supplementary Material lists the mean amplitudes with the corresponding r a distances. The anharmonicity parameters, κ , for bonded atom pairs were estimated as described in Ref. [17] . The adjustable parameters listed in Table 4 were determined by a least-squares calculation on the molecular scattering intensities.
Results and discussion
The results obtained by GED are listed in Tables 2, 5 and 6. The radial distribution curve is shown in Fig. 5 . The absolute values of correlation coefficients among the independent parameters are less than 0.8. Table 2 shows that the determined populations of four conformers are consistent with those derived from the ΔG values estimated from the MP2 calculations and the scaled force constants of the B3LYP calculations. Table 5 lists the experimental structural parameters (r g and ∠ α structure) of the most abundant conformer, (ax, sc), of cotinine and the corresponding ones given by the MP2 calculation (r e structure). The differences between the r g and r e structures can be estimated using the diatomic approximation [16] , r g -r e ≈ (3/2)al 2 Table 5 lists the structural parameters of the most abundant conformer of nicotine [2] .
The r g (N 1 -C 3 ) of cotinine is about 0.08 Å shorter than that of nicotine. The short N-C distance is common to the amide group. The considerable differences in the bond angles between the five-membered ring of cotinine and that of nicotine are due to different conformations of the rings (see Fig. 4 ).
As written in [1] , the N … N distance in a nicotinic agonist is related to its affinity for the receptor (nAChR). The N … N distances of cotinine and nicotine are compared in [3] , and it was concluded that the major conformer with the longer N … O carbonyl distance (Eq-s-cis) has the nicotinic activity. In cotinine the N … N distance of the most stable and the next stable conformers were found to be 4.844 (5) and 4.740 (5) Å, respectively, suggesting that the both of these conformers are those with the nicotinic activity.
Although these three molecules have conformers with the N … N or N … O atom pairs whose distances fall in the range of 4.7 -4.9 Å, only cotinine has weaker nicotinic activity than other two. Therefore, our conclusion is that the weak nicotinic activity of cotinine cannot be attributed to the difference in the N … N or N … O distance. As mentioned in the Introduction, other explanation for the nicotinic activity by means of the difference in the charge on the sp 3 N atom has been proposed [4] . In order to investigate the relationship between the charge distribution and the nicotinic activity, the natural population analyses [18] for cotinine and protonated nicotine were carried out. They provided a negative charge on the N 1 atom of these species with that of cotinine slightly more negative (-0.49 e for cotinine and -0.44 e for protonated nicotine 
Supplementary material
Tables of the leveled total intensities and the backgrounds, the local symmetry coordinates, the scaled force constants, mean amplitudes and r a distances of the (ax, sc)
conformer, the correlation matrix are documented. Fig. 3 for the atom numbering and the definitions of the conformers.
b See Fig. 4 for the definition. Table 6 The N … N or N … O carbonyl distance and the abundance x of each conformer of cotinine, nicotine and arecoline.
Dihedral angles (degree)
(ax, sc) 4.844 (5) 34 (6) (eq, eq, syn)
4.885 (6) The conformational composition of (ax, sc), (ax, ap), (eq, sp) and (eq, ap) used was 34%, 21%, 28% and 17%, respectively. Distance distributions are indicated by vertical bars. Those for nonbonded C … H, N … H and H … H pairs are not shown for simplicity. 
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The leveled total intensities (I T ) and the backgrounds (I B ) for cotinine. Table S2 Definitions of internal coordinates of cotinine. Table S3 The scaled harmonic force constants of the (eq, sp) conformer of cotinine. Table S4 r a Distances and mean amplitudes of the (ax, sc) conformer of cotinine (Å). Table S5 The correlation matrix for cotinine. (1) Table 4 for the definitions of the structural parameters. k 1 and k 2 are the indices of resolution for the long and short camera distances, respectively. x is the molar fraction of the (ax, sc) conformer.
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